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T h i s   r e p o r t   d e s c r i b e s   t h e   f o u r t h   a n d   f i n a l   p a r t   o f   a n  NASA-supported program a t   t h e  Los Alamos 
S c i e n t i f i c   L a b o r a t o r y   t o   d e v e l o p   g r a p h i t e   f i b e r - a l u m i n u m  matrix composi tes .  A chemica l   vapor  
d e p o s i t i o n   a p p a r a t u s  was c o n s t r u c t e d   f o r   c o n t i n u o u s l y   c o a t i n g   g r a p h i t e   f i b e r s   w i t h   T i c .  A s  
much as 150 m e t r e s   o f . c o n t i n u o u s l y   c o a t e d   f i b e r s  were produced .   Depos i t ion   t empera tures  were 
var ied   f rom  1365 K t o   a b o u t   1 7 5 0  K, a n d   d e p o s i t i o n  time from 6 to  150  seconds.   The 6 sec   depos i -  
t i o n  t i m e  co r re sponded   t o  a f i b e r   f e e d  rate of 2.54  m/min th rough   t he   coa te r .   Th in ,   un i fo rm,  
a d h e r e n t   T i c   c o a t s ,   w i t h   t h i c k n e s s e s  up to   approximate ly  0.1 pm, were produced on t h e   i n d i -  I 
v i d u a l   f i b e r s   o f   T h o r n e l  50 g r a p h i t e   y a r n s   w i t h o u t   a f f e c t i n g   f i b e r   s t r e n g t h .   A l t h o u g h   c o a t  
p r o p e r t i e s  were f a i r l y   u n i f o r m   t h r o u g h o u t  a given  batch,   more  work is needed  to   improve  the  batch-to-  
b a t c h   r e p r o d u c i b i l i t y .  

Samples  of  Tic-coated  Thornel 50 f i b e r s  were i n f i l t r a t e d   w i t h   a n  aluminum a l l o y  and  hot- 
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SUMMARY 

A chemical   vapor   deposi t ion  apparatus  was cons t ruc t ed   fo r   con t inuous ly  
c o a t i n g   g r a p h i t e   f i b e r s   w i t h  Tic. A s  mu& as 150 metres of  continuously  coated 
f i b e r s  were produced.  Deposition  temperatures were varied  from  1365 K to   abou t  
1750 K ,  and  deposi t ion t i m e  from 6 t o  150 sec. The 6 sec depos i t i on  t i m e  cor- 
responded  to  a f i b e r   f e e d  rate of  2.54 m / m i n  through  the  coater .   Thin,   uniform,  
adherent Tic c o a t s ,   w i t h   t h i c k n e s s e s  up to   approximately 0 .1  pm, w e r e  produced 
on the   i nd iv idua l   f i be r s   o f   Thorne l  50 g r a p h i t e   y a r n s   w i t h o u t   a f f e c t i n g   f i b e r  
s t rength .   Al though  coa t   p roper t ies  were fa i r ly   un i form  throughout  a g iven   ba tch ,  
more  work is needed t o  improve  the  batch-to-batch  reproducibi l i ty .  

Samples  of  Tic-coated  Thornel 50 f i b e r s  were i n f i l t r a t e d   w i t h   a n  aluminum 
a l loy   and   ho t -pressed   in  vacuum to   p roduce  small compos i t e   ba r s   fo r   f l exure  tes- 
t in ,g .   Strengths  as high as 90% of   the  rule-of-mixtures   s t rength were achieved. 
Examinat ion   of   the   f rac ture   sur faces   ind ica ted   tha t   the   bonding   be tween  the   a lu-  
minum and  the   T ic-coa ted   f ibers  w a s  b e t t e r   t h a n   t h a t   a c h i e v e d   i n  a similar, com- 
m e r c i a l l y   i n f i l t r a t e d  material made wi th   f i be r s   hav ing  no observable   sur face  
coa t s  . 

Severa l   samples   o f   Al - inf i l t ra ted ,   T ic-coa ted   Thorne l  50 graphi te   yarns ,   to -  
ge ther   wi th   samples   o f   the   commerc ia l ly   in f i l t ra ted ,   uncoated   f ibers ,  were hea ted  
f o r  100 h a t  t empera tu res   nea r   t he   a l loy   so l idus .  The Tic-coated samples  appeared 
t o  undergo less reac t ion   than   d id   the   uncoated   samples .  

INTRODUCTION 

The work   descr ibed   here  is t h e   f i n a l   p h a s e   o f  a NASA-supported program a t  
t h e  Los Alamos S c i e n t i f i c   L a b o r a t o r y  (LASL) to   develop  graphi te   f iber-aluminum 
matr ix   composi tes .  The LASL approach   t o   t h i s   p rob lem  has   been   t o   u se   p ro t ec t ive -  
coupl ing   layers  of r e f r a c t o r y  metal ca rb ides  on t h e   g r a p h i t e   f i b e r s   p r i o r   t o  
t h e i r   i n c o r p o r a t i o n   i n t o   t h e   c o m p o s i t e s .  It w a s  thought   tha t   such   layers   would  
b e   d i r e c t l y   w e t t a b l e   b y   l i q u i d  aluminum and  should act as d i f f u s i o n   b a r r i e r s   t o  
inh ib i t   reac t ion   be tween  graphi te   f ibers   and   l iqu id   a luminum.1  

I n   t h e  ear l ie r  phases  of  this  program, l s 2 ,  chemical   vapor   deposi t ion (CVD) 
methods were developed  for   producing  thin,   uniform,   coats   of  Z r C  and Tic on  gra- 
p h i t e   f i b e r s ,   u s i n g  a batch  process .   At tempts  were a l s o  made t o  produce   S ic  
c o a t s ,   b u t   w i t h   o n l y   l i m i t e d   s u c c e s s .   S u c c e s s f u l   w e t t i n g   a n d   i n f i l t r a t i o n   o f  
T ic -coa ted   g raph i t e   f i be r s   w i th  aluminum a l l o y s  w a s  demonstrated,  and  moderate 



success  w a s  ach ieved   in   p roducing  small graphite-aluminum  composite samples  by 
vacuum hot-pressing ,of a luminum-inf i l t ra ted   g raphi te   yarns .   Thin  Tic coats   on 
g r a p h i t e   f i b e r s  were shown t o   i n h i b i t   t h e   r e a c t i o n   b e t w e e n   t h e   f i b e r s   a n d  alumi- 
num a t  e leva ted   t empera tures .  

In   t he   ba t ch   coa t ing   ope ra t ion   u sed  earlier, t h e   f i b e r   s a m p l e s  were l i m i t e d  
to   l eng ths   o f   abou t  150 mm. There fo re ,   t o   demons t r a t e   t he   p rac t i ca l i t y   o f   t he  
coa t ing   process  'it was des i r ed   t o   cons t ruc t   an   appa ra tus   fo r   con t inuous ly   coa t ing  
f i b e r s   i n  much longer   l engths .  Such an  apparatus  w a s  constructed  and was used 
success fu l ly   t o   p roduce   T ic -coa ted   f i be r s   i n   con t inuous   l eng ths  up t o  150 metres. 
The apparatus  and i ts  use are desc r ibed   he re .  

Techniques were also  developed  for   compact ing  Al- inf i l t ra ted,   Tic-coated 
f i b e r s   i n t o  small c o m p o s i t e   b a r s   s u i t a b l e   f o r   t e s t i n g   m e c h a n i c a l   p r o p e r t i e s .  
The forming  process  and  the  composite  properties are given. 

EXPERIMENTAL 

Continuous  Coating 

A schemat ic   o f   the   cont inuous   coa t ing   sys tem is shown i n  Fig. 1, and a more 
d e t a i l e d   d e s c r i p t i o n   o f  i t s  components  and  operation is g i v e n   i n  APPENDIX A. For 
the   expe r imen t s   desc r ibed   he re ,   t h i s   appa ra tus  was used  to   produce Tic coats   on 
graphi te   f ibers ,   us ing   pur i f ied ,   commerc ia l   g rade  T i C l  as the   coa t ing   gas .  4 
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Fig. 1. Schematic   of   system  for   cont inuous 
c o a t i n g  of g r a p h i t e   f i b e r s .  

2 



The bas ic   chemica l   reac t ion   cont ro l l ing   the   decomposi t ion   o f  TiC14,  l ead ing  
t o   t h e   f o r m a t i o n  of Tic on g r a p h i t e   f i b e r s ,  is: 

TiC14(g) -I- 2H2(g) + C(s) = TiC(s) -I- 4HCl(g) . 
The carbon  necessary   for   the   reac t ion  is p r o v i d e d   b y   t h e   f i b e r   s u b s t r a t e .  Be- 
s ides   t he   coa t ing   gases ,   he l ium is  added as a d i l u e n t ,   t o g e t h e r   w i t h   e x c e s s  hy- 
drogen. The depos i t i on   k ine t i c s   can   be   va r i ed   by   va ry ing   t he   depos i t i on  tem-  
pe ra tu re   and   t he   p ropor t ions   o f   t he   gases .  

Cont inuous   coa t ing   of   g raphi te   f ibers   wi th  Tic w a s  performed  under  nearly 
80 d i f f e r e n t  sets of   process   condi t ions.  The f ibe r s   u sed   fo r   t he   expe r imen t s  
were two-ply (720 f i b e r s l p l y )  , Thornel 50 graphi te   yarns ,   ob ta ined   f rom Union 
Carbide  Corporation. The coa t ing   condi t ions  are l i s t e d   i n  Table I, toge the r  
wi th   the   resu l t s   o f   scanning   e lec t ron   microscopy (SEM) observa t ions   o f   the   coa t  
c h a r a c t e r i s t i c s ,  Tic coa t   th icknesses  , and   s t r eng ths   ( t ens i l e   b reak ing   l oads )  
of t h e   f i b e r   y a m s .  The method f o r   d e t e r m i n i n g   t h e   f i b e r   y a r n   s t r e n g t h s  is 
given i n  APPENDIX B. Table I a l s o   i n c l u d e s   t h e   d a t a   f o r   t h r e e   l o t s   o f   b a t c h -  
c o a t e d   f i b e r s   t h a t  were used in   expe r imen t s   t o   be   desc r ibed  later.  

The coa t   th ickness   va lues   repor ted   in   Table  I are  averages  of  from 10 t o  
15  measurements made on SEM photomicrographs  of   pol ished  cross   sect ions  of  
epoxy-mounted  samples. These were made wi th  a millimter s c a l e  on from t h r e e   t o  
f i v e   f i b e r   c r o s s   s e c t i o n s .  The magnification  of  the  photomicrographs was usua l ly  
10,OOOX. A t  t h i s   m a g n i f i c a t i o n  a coa t   th ickness   o f   0 .1  pm would  be  magnified 
t o  1 mu. With a millimeter s c a l e  i t  is p o s s i b l e   t o  estimate a length  of  about 
0 .2  ma, which  corresponds  to 0.02 pm,  magnified  10,000 times. Therefore ,   the  
measurements  from  which  the  average  coat-thickness  values  of  Table I were com- 
puted  have an u n c e r t a i n t y   o f   a t  least 0.02 pm. This   uncer ta in ty ,   toge ther   wi th  
c o a t   t h i c k n e s s   v a r i a t i o n s ,   h a s   l e d   t o   r a t h e r   h i g h   s t a n d a r d   d e v i a t i o n s   o f   t h e  
mean values .   This  is p a r t i c u l a r l y   t r u e   f o r   s a m p l e s   w i t h  very th in   coa ts   (e .g .  , 
runs 8AA-8TT). 

Although  the  thickness   values   were  determined  f rom  relat ively f e w  samples 
f rom  each  run,   the   coat   appearances were determined  by SEM examination  of 
severa l   hundred   f ibers   f rom  each   run .  A s  i n d i c a t e d   i n   T a b l e  I, a v a r i e t y  of  
Tic coat  morphologies w a s  observed   in   these   exper iments .  SEM photomicrographs 
r ep resen t ing   t yp ica l   examples   o f   t h i s   va r i e ty  are g i v e n   i n  APPENDIX C. 

I n   t h e   i n i t i a l   r u n s  ( 1 A  through 35) v i r t u a l l y  a l l  of   the Tic coats  under- 
went some oxidat ion.   This  w a s  evidenced,  generaily,   by a b lue   o r   g reen  cast 
on the   su r f aces   o f   t he   T ic -coa ted   f i be r s   (Tab le  I) , and  sometimes  by a loose ,  
wh i t e ,  powdery deposit ,   which w a s  probably  hydrated T i 0 2 .  Typical  samples 
wi th   each   of   the   p redominant   co lors  were examined  by  x-ray d i f f r a c t i o n ,  which 
showed tha t   bo th   t he   b lue   and   g reen   co lo r s  were caused by the   p resence   o f   the  
r u t i l e  form of  TiQ2.  Those  samples  with a heavy  b lue  cast were shown  by x-ray 
i n t e n s i t y  measurements t o   have   coa t s   cons i s t ing   o f   nea r ly   a s  much r u t i l e  as 
Tic. This   observat ion w a s  supported  by  microscopic  observations  which showed 
such   coa t s   t o   cons i s t   o f  mixed  phases  of two d i f f e r e n t   s t r u c t u r e s ,   a p p a r e n t l y  
codeposi ted.  The samples  having a green cast s i m i l a r l y  were shown t o   c o n s i s t  
o f   the  same two phases ,   bu t   w i th  a much lower c o n c e n t r a t i o n   o f   r u t i l e .  It w a s  
d i s c o v e r e d   t h a t  a t  least p a r t   o f   t h e   p r o b l e m   c a u s i n g   t h i s   o x i d a t i o n  w a s  im- 
pure  hydrogen i n   t h e   c o a t i n g   g a s   m i x t u r e .  This w a s  r e c t i f i e d  by i n s t a l l a t i o n   o f  
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TMLE I 

COATING  CONDITIONS AND KESULTS FOR TIC-COATED  THORNEL 50 YARNS 

Coating  Gases 
Run Fiber   Feed E.? o s i t i o n :  P(STP Imin 
No. Rate,  mlmin T r r n ~ . ~ K  Time, s e c  TiC1, A2 ilea 
1 A  

1 B  

1 C  

?A 

2B 

2c 
2D 

1E 

2F 

2G 

211 

21 

23 

3A 

3B 

3c 
3D 

3E 

3F 

3G 

3H 

31 

35 

4D 

4E 

4F 

4G 
4H 

5A 

5B 

5c 
5D 

5E 

0.13 

0.13 

1 .40  

0 .11  

0.11 

0.33 

0 . 5 i  

0.64 

0.76 

1 .40  

0.76 

0.76 

0.76 

0.76 

0.76 

0.76 

0 .51  

0 . 2 5  

0.25 

0.25 

0.51 

5.76 

0.76 

0.76 

1.40 

1 . L O  

2.54 

2.54 

2.54 

2.54 

2.54 

1.65 

2.54 

i493  

1761 

1761 

1436 

I623 

1628 

1628 

1628 

1628 

1623 

1522 

1425 

1324 

1625 

1512 

1425 

1414 

1422 

1469 

1672 

16S1 

1684 

1686 

1588 

1588 

1743 

1743 

1628 

1747 

1747 

1668 

1668 

1668 

110 

110 

11 

135 

135 

46 

30 

24 

20 

11 

20 

20 

20 

20 

20 

20 

20 

60 

60 

60 

30 

20 

20 

20 

11 

11 

6 

6 

6 

6 

6 

9 

6 

0.44 

G.44 

0.44 

0.19 

0.19 

0.19 

0 . i 9  

0.19 

0.15 

0.19 

0.19 

0.19 

0.19 

0.04 

0.04 

0.04 

0.04 

0.04 

0.04 

0.04 

0.04 

0.04 

0.11 

0.17 

0.17 

0.17 

0.17 

0.17 

0.12 

0.27 

0.27 

0.27 

0.60 

5 10 

5 10 

5 1 0  

5 10 

5 10 

5 10 

5   10  

5 10 

5  10 

5  10 

5 10 

5  10 

5   10  

5 10 

5 10 

5 10 

5 10 

5 10 

5 10 

5 10 

5 10 

5 10 

5 10 

9  12 

9  12 

9   12  

9  12 

9  12 

9   12  

9   12  

9   12  

9   12  

9   12  

Coat  Appearance [SM) 

rough,  v.  few  cracks:  few  welds,  blue-grey 

V .  rough,   spa l l s ,   c racks .  many welds 

rough. V. few c r a c k s ,   f e u   w e l d s ,   b l u e  

rough,noduies ,   v .  few c racks ,   f ew   we lds ,wh i t i sh  

rough,  nodules,   v.  few cracks,   few  welds ,   green 

rough, V. few welds,   b lue-green 

rough,  few  welds,  green 

rough,   feu  nodules ,   few  cracks,   green 

smooth, v. few  welds,  Illue-green 

smooth.  nodules, v.  few c r a c k s ,   b l u e  

smooth, v.  few nodu les ,b lue -g reen  

smooth,  few  nodules,  few  welds,  green 

smooth, many nodules ,  V. few c r . ,  few w e l d s , b l u e - w h i t e  

smooth,  few  nodules,  v.  few cr. ,  few we lds ,   b lue  

smtjoth,  few  nodules, few we lds ,   b lue  

rough, nonunif: nodules  , few we lds ,   wh i t i sh  

smooth,  nonunif: v.  few nodules,   blue-green 

smooth,   few  nodules ,   few  velds ,green 

smooth, few nodules ,  few w e l d s , b l u e - w h i t e  

rough, v. few nodules ,  few  welds.  gold-gray 

rough,  nodules,  sl. b l u e  

rough,  nodules,  few welds,  sl. b l u e  

rough,  nodules,   few  xelds.  51. b l u e  

sl. rough, few nodules ,  Eew welds 

smooth,  few  nodules, v .  few c racks ,  few  welds 

rough, V. few cracks.   fev  welds  

smooth,  few  nodules, many cracks ,   feu   welds  

61. rough, V. few  cracks,   fev  welds  

smooth, many cracks ,   few  welds .   spa l l s  

smooth, many c r a c k s ,   s p a l l s  

smooth,  few cracks,   few  welds 

smoath. many cracks,   few  welds 

rough, V. few cracks,   few  welds 

Coat  Thickness 
mean s td   dev  ' i? mean sed  dev CVb 

Tens i la   Breaking  
L3ad.c ti 

_"  _" 
0.85  0.21 "_ "_ 
" " 

"_ " 

0.10 0.01 
-" "- 
"- "_ 
0.09 0.02 

0.10 0.02 

0.09 0.01 

0.09 0.02 
" " 

"-  "- 
0.09  0.03 "_ "_ "_ "_ 
0.09  0.02 "_ " 

"- "_ 
"- "- 
0.08 0.02 "_ "_ 
0.21 0.04 

0.20 0.04 

0.32 0.10 

0.25 0.06 

0.18 0.04 

0.18 0.03 

0.20 0.03 

0.13 0.04 
"- " 

0.13  0.04 

"- 28.45  2.89 

0.25  7.75  0.91 "_ 24.05  2.00 

-- 24.44 2.00 
"- 11.56 2.18 

0.11 19.98 1.69 "_ 20.09 1.51 "_ 22.06 2.22 

0.20 21.00 1.89 

0.25 21.60 0.92 

0.15 24.98 2.58 

0.22 25.78 2.34 
"- 23.93  2.03 

"_ 25.03  2.00 

0.29  26.02  2.32 
-" 26.93 1.24 
"- 26.60 1.64 

0.21 27.72 1.73 
"- 27.36 1.23 
" 23.06 1.78 
"- 23.60 1.16 

0.27 24.48 1.42 "_ 14.02  2.15 

0.21 19.27 1.89 

0.21 24.20 1.65 

0.30 5.73 1.24 

0.23 16.03 1.86 

0.20 21.57 1.78 

0.15 19.25 1.30 

0.13 14.22 0.59 

0.31 16.34 1.47 "_ 15.53 1.87 

0.30 16.10 1.46 

0.10 

0.12 

0.08 

0.08 

0.19 

0.08 

0. os 
0.10 

0.09 

0.04 

0.12 

0.09 

0.08 

0.08 

0.09 

0. os 
0.06 

0.36 

0.05 

0.08 

0.04 

0.06 

0.15 

0.10 

0.07 

0.22 

0.12 

0. 08 

0.07 

0.04 
0.09 

0.12 

0.09 



TABLE I (Continued) 

Coacing  Gases  Tensile  Breaking 
Run F i b e r  Feed Dcoosit ion: 9. STP Imin coat  Thickness.  Um. Load,c 1 
No. Rate, mlnin Temp,'K Time, sec & A2 Coat  Appearance (SEH) mean s t d   d e v  CV" mean 6 td   dev  (N 

b "-" 
5F 
5 G  

5H 
51 
53 

5K 
5L 

5x 
5N 
50 
5P 
5R 
5s 

5T 

5u 

8AA 

8BB 

8CC 

8DD 

BEE 

8FF 
8GG 

8Htl 

811 

8KK 

8LL 

a:o! 
8hX 

800 

8PP 

8RR 

ass 
8TT 

1.65 
2.54 
1.65 

1.65 
2.54 
2.54 
1.65 
1.65 
2.54 
2.54 
1.65 
1.65 
2.54 
2.54 
1.65 

0.76 
2.54 
2.54 
2.54 
2.54 
0.76 
1.65 
0.76 
1.65 
2.54 
0.76 
1.65 
1.65 
2.54 
0.36 

0.36 
0.51 
0.76 

1668 

1668 

166P 

1567 
1567 

1567 
1567 
1567 
1567 

1468 
1468 
1468 
1468 
1468 
1468 

152L 
1524 
1524 
1582 
1582 
1582 
1582 

1489 
1489 
1489 
1431 
1431 
1431 
1431 
1431 

1365 
1365 
1365 

9 
6 
9 

9 
6 

6 
9 
9 
6 

6 

9 
9 
6 

6 

9 

20 
6 
6 
6 
6 

20 
9 
20 
9 
6 
20 

9 
9 
6 

43 

43 
30 
20 

0.60 9 12 

0.05 9 12 
0.05 9 12 

0.67 9 12 

0.67 9 12 
0.16 9 12 

0.16 9 12 

0.04 9 12 
0.04 9 12 
0.04 9 12 
0.04 9 12 

0.09 9 12 

0.09 9 12 
0.74 9 12 

0.74 9 12 

0.02 12 11 

0.02 12 11 

0.02 12 11 

0.02 12 11 

0.02 12 11 

0.02 12 11 

0.02 12 11 

0.02 12  11 
0.02 12 11 

0.02 12 11 

0.02 12 11 

0.02 12 11 

0.02 12 11 

0.02 12 11 

0.02 12  11 

0.02 12 11 
0.02 12 11 

0.02 12 11 

smooth,  few  nodules,  few  cracks,  few  welds 

smooth,  nonuniform', many cracks,   few  welds ,  spalls. 
rough,  few  cracks,  few welds 

smooth,  v.  few  cracks, few welds 

smooth, V. few cracks ,  few welds 

smooth,  few  nodules, v.  few cracks,   few  welds 

smooth,  few  nodules,  v.  few  cracks,  few  welds 

smooth,  few  nodules, V. few cracks, few welds 

smooth,  nonunif.,e  few  nodules,  v.  few  cracks, few welda 

nnooth. v .  nonunif.  , L  few nodules,  V. fewcracks  

smooth, V. nonunif. ,f  few nodules,  v .  f ewcracks  

smooth, V. nonunif. ,f  few nodu1es.v.   fewcracks 

smooth, V. nonunif.  , f  few  nodules, v.  few c r a c k s  

smooth,  v.  nonunif.,f  few  nodules, V. fewcracks  

smooth, V. nonunif. , f  few nodules,  V. few  cracks 

smooth, v .  nonunif. ,f   few  nodules,  many welds 

smooth, V. nonunif.  ,f  few nodules  

smooth, V. nonunif. ,f  few nodules 

smooth,  few  nodules 

smooth,  few  nodules 

snooth,  v.  nonuni f . , f  few nodules,  many welds 

smooth, V. nonunif., '   few  nodules, many welds 

smooth, V. nonunif. ,f  few nodules,  many welds 

smooth, v.  nonuni f . , f  Eew nodules 

smooth, V. nonunif.  , f  few  nodules 

smooch, V. nonunif.,f  few  nodules, many welds 

smooth, V. nonunif.,f  few  nodules, many welds 

smooth,  few  nodules,  few  welds 

smooth,  few  nodules,  few  welds 

soooth,  V. nonunif.,f  few  nodules, many welds  

smooth,  few  nodules, many v e l d s  

smooth,  nonunif. ,e few  nodules 

smooth, v. nonunif., '   few  nodules 

" 

"_ 
0.12 

0.09 
0.09 , 

0.09 
0.11 
0.08 

0.08 

0.07 

0.06 
" 

"- 
0.08 
"- 
" 

"- 
-" 
0.04 
0.04 
0.07 
0.07 
" 

" 

" 

0.05 

0.03 
0.03 
0.04 
0.07 
"- 
" 

"- 

"_ 
" 

0.03 
0.03 
0.02 
0.02 
0.03 
0.02 
0. (i5 

0.03 

0.04 
"- 
"_ 
0.05 "_ 
" 

"_ "_ 
0.05 
0.03 
0.04 
0.06 
"- 
"_ 
"- 
0.04 
0.03 
0.03 

0.03 
0.02 
" 

" 

" 

" 13.97 
-" 21.20 

0.30  21.36 
0.38  22.15 
0.26  21.23 
0.19  20.82 
0.29  19.56 
0.22  23.01 
0.60 22.29 
0.37  22.66 

0.64  22.78 
"- 23.84 
"_ 22.13 

0.62  21.64 
"- 21.35 

" 11.35 
" 20.34 
--- 19.59 
1.0 19.19 
0.87 19.01 
0.62 6.60 
0.85 12.00 "_ 9.65 
" 18.58 

20.37 
0.72  13.94 
1.2  18.64 
1.0  20.23 
1.0  19.37 
0.29 6.85 "_ 13.85 
" 18.15 
" 17.59 

"_ 

1.56 0.11 
2.28 0.11 

1.51 0.07 

1.54 0.07 

2.03 0.10 
1.73 0.08 

1.42 0.07 
1.49 0.06 
2.05 0.09 
0.87 0.04 
1.48 0.06 

1.38 0.06 

2.37 0.11 

0.95 0.04 
2.09 0.09 

0.67 0.06 
0.86 0.04 
1.05 0.05 
1.05 0.05 
1.53 0.08 

0.61 0.09 
0.93 0.08 
1.36 0.14 
1.51 0.08 
1.27 0.06 
1.44 0.10 
1.23 0.07 
1.02 0.05 
1.72 0.09 

0.55 0.08 

1.72 0.12 

1.34 0.07 

1.73 0.10 



TABLE I (Continued) 

Coatinn  Gases 
Run F ibe r  Feed Deposi t ion:  
" ::o. Rate,  mfmin Temp, K Time,  s e c  

9.4 0.76 

9B 1.65 

9c 2.5; 

9D 0.76 

9E 1.65 

9F 2.54 

9C 0.76 

9H 1 .65  

91  2.54 

9K 2.54 

9L 1.65 

2-21-75' --- 
3-17-75' --- 
8-14-74' -- 
Controlh --- 

1377 

1377 

1377 

1430 

1430 

1430 

1477 

1477 

1477 

1573 

1573 

1273 

1273 

1226 

"- 

20 

9 
6 

20 

9 

6 

20 

9 

6 

6 

9 

3600 

3600 

3600 

- 

0.20 14  12 

0.20 14  12 

0.20 14  12 

0.20 14  12 

0.20 14  12 

0.20 14  12 

0.20 14  12 

0.20 14   12  

0120 14  12 

0.20 14  12 

0.20 14  12 

0.24 5  10 

0.33 5 10 

0.41 5 10 

Coot  Appearance (SPI) 

smooth,  few  nodules 

m o o t  h 

smooth,  few  nodules 

snwoth,  few  nodules 

smooth,  few  nodules 

smooth,  few  welds 

smooth, f e w  v e l d s  

smooth, V. nonuniform,f  few  welds 

smooth, V.  few  welds 

smooth, V. nonuniiorm 

smooth,  few  nodules, f ew welds 

smooth, V. nodules  

rough,  few  nodules 

suaoth.  few  nodulen 

f 

" - 

Tensi le   Breaking 
Coat  Thickness Load 
mean 3 td   dev  ' E> mean st: dev CVb 

N 

0.07 0.01 

0.04 0.03 

0.03 0.03 

0.08 0.02 

0.05 0.03 

0.05 0.02 

0.07 0.02 

0.04 0.04 

0.03 0.02 

0.04 0.03 

0.09 0.03 

0.03 0.02 

0.c9 0.01 

0.10 0.02 

0 -  

0.19  22.39  2.77 

0.78  21.30  2.23 

1.0  22.15 2.12 

0.26  21.76  2.54 

0.68  23.29  2.09 

0.42  24.57  1.66 

0.31 24.41  2.56 

0.92  23.83 1.64 

0.83  23.50  2.20 

0.80  22.54 1.09 
0.30  16.85  1.76 

0.72  14.75  1.79 

0.10  8.94 1.20 

0.17  21.10  1.49 

- 22.38 2.14 

0.12 

0.10 

0.10 

0.12 

0.09 

0.07 

0.1G 
O.OT 

0.09 
0.06 

0.10 

G .  12 
0.13 

0.07 

0.10 

aAdd l t iona l  helium w a s  used a t   t h e   t o p   ( f i b e r   e x i t !   g a s   s e a l .  Tnis var ied  f rom  2 to 17  L(STP)/sin  dependi1.g  on  ocher run condi t ions .  It is  n o t  knohn hod 
much o f   t h i s   e n t e r r d  the fu rnace   a s   d i luen t   and  how  much escaped. 

bCoeEf ic ien t   o f   var ia t ion   ( s td   dev  i mean). 

%ea\sured on one  ply of two-ply yarn.  

%lmar i ly   t r ansve r se   c r acks .   Long i tud ina l   c r acks   appea red   t o   occu r   on ly   a long   w i th   t r ansve r se   c r acks .  

% a r i a t i o n   i n   c o a t   t h i c k n e s s  on i n d i v l d u a l   f i b e r s .  

fThickness   var ied  from o u t e r   t o  inner f i b e r s   o f   t h e   y a r n .  as well as o n   i n d i v i d u a l   f i b e r s .  

%atch-coated. 

hUncoated.  as-received, PVA-sized l h o r n e l   5 0 .  
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Fig. 2. Tic coat   thickness   vs   f low 
rate of TiC14.  Coating time = 
6 sec ( S e r i e s  No. 5) . 

a p u r i f i c a t i o n   s y s t e m   t o  remove both 
water and  oxygen  from the  hydrogen. 
Even a f t e r   i n s t a l l a t i o n   o f   t h i s  sys- 
t e m ,  however, i t  w a s  found  that  oc- 
c a s i o n a l l y  a b l u e  cast would  begin 
to   appear   somet ime  a f te r  a c o a t i n g  
run  w a s   w e l l  under way. This w a s  a l s o  
e l imina ted   by   ca re fu l   r egu la t ion  of 
the  seal-gas   f lows a t  each  end of 
the  furnace  and  of   the  pressure a t  
the   exhaus t   duc t .  A t  t h e  start of 
each  run,  the  seal-gas  f lows were ad- 
j u s t e d   u n t i l   n o   t r a c e   o f   b l u e   o r  
green w a s  v i s i b l e  and   t he   f i be r s  
emerging  from  the  furnace  had  the  typ- 
i c a l ,  metallic gray  color   of  Tic. 
However, regard less   o f   the  sea l  gas 
flows , t h e   p r e s s u r e  on the  exhaust  
l i n e   ( F i g .  1) had   t o   be   ma in ta ined  
a t  30 t o  50 P a  below  atmospheric 
p r e s s u r e "   t o   p r e v e n t   f i b e r   o x i d a t i o n .  

During  the  course of a coa t ing   run ,   agglomera tes   o f   b roken   f ibers   t ended   to   co l -  
l e c t  a t  t h e   f i b e r   e x i t   n e a r   t h e   h e l i u m   g a s  seal ,  causing a change i n   t h e   p r e s s u r e  
in   the   sys tem.   This  was fur ther   complicated by t h e   f a c t   t h a t   t h e s e   f i b e r  ag- 
glomerates   would  occasional ly   break  loose  and  be  pul led  f rom  the  top  of   the  fur-  
nace  by  the  emerging  coated  f iber.   Therefore,   particular  care w a s  t aken   to  main- 
t a in   t he   exhaus t   p re s su re  a t  t h e   p r e s c r i b e d   l e v e l .  This was done  simply  by ad- 
j u s t i n g  a s l id ing -ga te  damper on the   exhaus t   duc t  , and  by  varying  the  helium  flow 
rate i n t o   t h e   f i b e r   e x i t   g a s  sea l  a t  the  top  of   the  furnace.   Throughout   these 
experiments i t  w a s  necessary  to   vary  this   hel ium  f low rate from 2 t o  1 7  R(STP)/min 
to   main ta in   the   p roper   exhaus t   p ressure .  By t ak ing   t hese   p recau t ions ,   t he  re- 
mainder   o f   the   coa t ing   runs   gave   no   v i s ib le   ind ica t ion   of  oxygen contamination 
i n   t h e  Tic coats,   and x-ray  examinat ion  of   selected  samples   supported  this  ob- 
s e r v a t i o n .  

Examination  of  the  data of Table I shows tha t   gene ra l   r e l a t ionsh ips   be tween  
the   coa t ing   cond i t ions   and   t he  Tic c o a t   c h a r a c t e r i s t i c s  are not  obvious a t  t h i s  
time. Within a g iven   coa t ing  series,  however,   there  can  be good c o r r e l a t i o n s  
between a coa t   cha rac t e r i s t i c   and   p rocess   cond i t ions .   Fo r   i n s t ance ,   i n   F ig .  2 
t h e  Tic coa t   th ickness  is  p l o t t e d  as a funct ion  of   the  coat ing  gas  (TiC14)  flow 
rate fo r   fou r   d i f f e ren t   depos i t i on   t empera tu res   and  a 6 s e c   d e p o s i t i o n  t i m e .  
These d a t a  are taken  f rom  Series  No. 5 (runs 5A-5U) i n  Table I. Although  the 
r e l a t i o n s h i p s   h e r e  are q u i t e   c l e a r ,   t h e  few a d d i t i o n a l   d a t a   p o i n t s   f r o m  Series 
No. 8 and No. 9 t h a t   c o u l d   b e   p l o t t e d   i n   t h i s   f i g u r e   d o   n o t   f a l l  on any  of t h e  
curves.  

Desp i t e   t h i s   l ack   o f   cons i s t ency ,   such   da t a  are u s e f u l   i n   e l u c i d a t i n g   t h e  
g e n e r a l   n a t u r e  of the   p rocess .  From Fig. 2 ,  i t  is s e e n   t h a t   t h e   r e l a t i o n s h i p  
between  deposi t ion  temperature   and  coat ing  gas   f low rate can be  an  important  

* 
Average  atmospheric  pressure a t  the  s i te  o f   t hese   expe r imen t s   i n  Los Alamos, 
NM, is -77 kPa (580 mm Hg). 
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c o n s i d e r a t i o n   i n   t h e   c o n t r o l  of   the   p rocess .  A t  the two lower  temperatures 
(1468  and  1567 K) , i t  is s e e n   t h a t   t h e   c o a t   t h i c k n e s s  is constant  and  indepen- 
dent   o f   the  f l m  rate a t  values  above  about  0.1  R(STP)/min TiC14. B e l o w  t h i s  
point ,   however ,   coat   thickness   changes  rapidly  with  f low rate, and ,   t he re fo re ,  
is a s e r i o u s   c o n s i d e r a t i o n   i n   t h e   c o n t r o l   o f   t h e   d e p o s i t i o n   p r o c e s s .   T h i s  
behavior  is what  would  be  expected i n  view o f   t h e   f a c t   t h a t   t h e   d e p o s i t i o n  
r e a c t i o n  is a s o l i d  s ta te ,  d i f f u s i o n - l i m i t e d   p r o c e s s .   A f t e r   t h e   i n i t i a l  reac- 
t i o n   o f   T i c 1 4   w i t h   t h e   g r a p h i t e   f i b e r s ,   t h e  Tic coa t  formed acts as a d i f f u s i o n  
bar r ie r ,   which   increas ingly   impedes   the   reac t ion  as t h i c k n e s s   i n c r e a s e s ,   u n t i l  
t he   r eac t ion  becomes undetectably  s low  and  the  thickness  becomes e s s e n t i a l l y  con- 
s t a n t  a t  some maximum value .   Because   d i f fus ion   ra tes  are exponen t i a l   func t ions  
of   temperature ,   the  m a x i m u m  coa t   t h i ckness   i nc reases   g rea t ly   w i th   t empera tu re ,  
as shown i n  Fig. 2. The th ickness ,   o f   course ,  is a l s o  a func t ion   of   depos i t ion  
time. 

To examine   the   e f fec t   o f   depos i t ion  t i m e  on c o a t   c h a r a c t e r i s t i c s  , coa t ing  
series No. 8 ( runs  8AA-8TT) and No. 9 ( runs 9A-9L) were made a t  Tic14 flow rates 
of 0.02 R(STP)/min  and 0.20 R(STE')/min, respec t ive ly ,   and   depos i t ion  time was 
var ied  f rom 6 t o  4 3  s e c .   I n   g e n e r a l ,   t h e  Tic coats   produced were th in   and  smooth 
wi th  few nodular  growths.  Very l i t t l e  spa l la t ion   and   c racking   occur red ,   ind ica-  
t i n g   t h a t   a d h e r e n c e  w a s  a l s o  good. For Series No. 8, which w a s  produced  using 
0.02  R(STP)/min  TiC14, we ld ing   t oge the r   o f   f i be r s  was common, and  the  coat   thick-  
ness  uniformity  for  most  samples w a s  poor.  Not only w a s  t he   coa t   t h i ckness  non- 
uniform on i n d i v i d u a l   f i b e r s ,   b u t  i t  v a r i e d  from t h e   o u t e r   t o   t h e   i n n e r   f i b e r s  
o f   t he   ya rn .  On the   o ther   hand ,  Series No. 9 , which  was  produced  with 0.20 R(STP) / 
min  TiC14,  had  few  welds  between f i b e r s   a n d   s i g n i f i c a n t l y   b e t t e r   c o a t   t h i c k n e s s  
uniformity.  The data from  Table I are g raph ica l ly  shown i n   F i g s .  3 and 4.  The 
coa t   t h i ckness   behav io r   fo r   bo th  series is  similar. I n i t i a l l y ,   t h i c k n e s s  
i n c r e a s e s   r a p i d l y   w i t h   c o a t i n g  time, then   t ends   t o   l eve l   o f f  a t  a cons tan t   va lue .  
For  the  samples  coated a t  1582 K ,  wi th  a T i C 1 4  flow rate of 0.02 R(STP)/min 
(Fig.  3) , t he   l eve l ing   o f f   occu r red  a t  a coa t ing  time of  about 9 sec and a c o a t  
th ickness   o f  0.07 vm. The curve  for   the  samples   coated  with  the  higher   Tic14 
flow rate (0.20 R/min)  and a t  a similar temperature  (1573 K) appears   no t   to   have  
r e a c h e d   t h e   l e v e l i n g - o f f   p o i n t   a t   t h i s   c o a t i n g  time (Fig.   4).   Neither  of  the 
curves   for   the   samples   coa ted  a t  the   lower   t empera ture ,   for  Series No. 8 o r  No. 9 ,  
has   reached a c o n s t a n t   t h i c k n e s s   v a l u e   a t   t h e   c o a t i n g  times g iven   here .   In  
general ,   those  samples   coated a t  a Tic14  flow rate of 0.20 R(STP) /min (Fig.  4) 
have   grea te r  Tic c o a t   t h i c k n e s s e s ,   f o r   e q u i v a l e n t   c o a t i n g  times and  temperatures,  
than  do those  coated a t  0.02 R(STP)/min (Fig.   3).   Again,   the few d a t a   p o i n t s  
from Series No. 4 and No. 5 t h a t   c o u l d   b e   p l o t t e d   i n   F i g s .  3 and 4 do n o t   a g r e e  
a t  a l l   w i t h   t h e   c u r v e s   p l o t t e d   t h e r e .   I n s t e a d   t h e y   f a l l  a t  th ickness   va lues   s ig-  
n i f i c a n t l y   h i g h e r ,   f o r   t h e   e q u i v a l e n t   c o a t i n g  t i m e  ( 6  s e c ) .  

I n   F i g s .  5 and 6 ,  t h e   e f f e c t  of Tic coa t   th ickness  on the   s t r eng th   o f   t he  
f i b e r s  is shown.  The va lues   g iven  are t h e   t e n s i l e   b r e a k i n g   l o a d s   f o r   s i n g l e  
p l i e s  o f  t h e  two-ply yarns.   For Series No. 4 ,  5 and 9 the  s t rength  remained 
f a i r l y   c o n s t a n t ,   r e l a t i v e   t o   t h e   c o n t r o l   ( z e r o - t h i c k n e s s )   s t r e n g t h ,  up t o   t h i c k -  
nesses  of  about  0.08 pm. For   g rea t e r   t h i cknesses ,   s t r eng th   d ropped   r ap id ly   fo r  
a l l  t h r e e  series. Series No. 8 ,   however ,   d i f fe red   f rom  the   o thers   in   tha t   s t rength  
decreased   s ign i f icant ly   wi th   even   the   th innes t   coa ts   and   dropped   to   a lmost   ins ig-  
n i f i c a n t   v a l u e s  a t  a coat   thickness   of   0 .07 um. 

The l a c k   o f   r e p r o d u c i b i l i t y   i n   s t r e n g t h   a n d   i n   c o a t   c h a r a c t e r i s t i c s  , f o r  
coa t s   p roduced   unde r   s imi l a r   cond i t ions ,   po in t s  up t h e   n e e d   f o r   f u r t h e r  work i n  
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Fig. 3 .  Tic coa t   th ickness  vs coa t ing  t i m e .  Tic14 f l o w  r a t e  = 0.02 k(STP)/ 
min ( S e r i e s  No. S) . 
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Fig. 4.  Tic coa t   t h i ckness  vs c o a t i n g  time. T i C 1 4  flow rate = 0.20 R(STP/ 
min ( S e r i e s  No. 9 ) .  
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Fig.   5 .   Tensi le   breaking  load  vs  
c o a t   t h i c k n e s s   f o r  T i C -  
coated  Thornel 50 g r a p h i t e  
f i b e r   y a r n s   ( S e r i e s  No. 4 
and No. 5 ) .  
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Fig. 6. Tens i l e   b reak ing   l oad   v s  
c o a t   t h i c k n e s s   f o r  TiC- 
coated  Thornel 50 g r a p h i t e  
f i b e r   y a m s   ( S e r i e s  No. 8 
and No. 9) . 

d e f i n i n g   t h e   i n f l u e n c i n g   p r o c e s s   v a r i a b l e s .   O b v i o u s l y ,   t h e r e  are process   consi-  
de ra t ions ,   no t   appa ren t   he re ,   wh ich  are r e s p o n s i b l e   f o r   t h e s e   v a r i a t i o n s .  

I n  a l l  of   the   cont inuous   coa t ing  runs descr ibed   in   Table  I ,  the   l eng th  of 
y a m   c o a t e d  w a s  about   15 metres. To eva lua te   t he   un i fo rmi ty   i n  Tic coat   pro-  
pe r t i e s   ove r   l onge r   l eng ths   o f   con t inuous ly   coa ted   f i be r   yams ,  two a d d i t i o n a l  
runs were made. Process   condi t ions ,   s t rengths   and  T i c  c o a t   c h a r a c t e r i s t i c s   a r e  
g iven   i n   Tab le  11. 

The only   d i f fe rence   be tween.   the   coa t ing   condi t ions   in   the  two runs w a s  the 
Tic14  flow rate. I n   r u n  No. 10 i t  w a s  0.15  R(STP)/min  and in   run  No. 11 i t  w a s  
0.05 R(STP)/min. Run No. 10 w a s  made in   one   con t inuous   l eng th  of  150 metres, 
while   run No. 11 w a s  285 metres long,  made in   four ' segments  of  e i t h e r  60 o r  75 
metres each.  Samples were taken a t  the  beginning  and  end  of   each  segment   for  
eva lua t ion .  

For  run No. 10 ,   the   s ing le-p ly   s t rength   var ied   f rom  23 .19  N a t  the   beginning  
of   the  150 metre length  to   15.58 N a t  i t s  end.   Microscopical ly ,   the   beginning 
and  end  samples  looked very much a l i k e .  SEM showed t h e   c o a t s   t o   b e   g e n e r a l l y  
smooth  and  uniform,  with.   occasional  nodules  adhering  to  the  surfaces.   Typical 
photomicrographs are shown i n  Fig. 7 .  Careful   examinat ion  of  many c ross - sec t iona l  
areas, however,  such as those  shown i n   F i g .  7 ,  r evea led  a s i g n i f i c a n t l y   g r e a t e r  
number of  welds  between  f ibers a t  the  end  than a t  the   beginning   of   the   run .   This  
undoubtedly is the   r eason   fo r   t he   l ower   s t r eng th  a t  the  end of the  150 metre 
l eng th  . 
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TABLE I1 

PROCESS  CONDITIONSa AND RESULTS  FOR Tic-COATED THORVEL 50 YARN 
CONTINUOUSLY COATED I N  LENGTHS UP TO 150 METRES 

T i c  C o a t   C h a r a c t e r i s t i c s  
Sample   Tens i le   Breaking   Load  , N T h i c k n e s s ,  pm b -  

Run No Length ,  m P o s i t i o n  mean s t d   d c v  CVc mean s t d   d e v  CV Mic roscop ic   Appea rance  (SEN) 

10 ' 150  beginning   23 .19   1 .39   0 .06  0.10 0 .03   0 .35   smooth ,   few  nodules ,  v few  welds 
end   15 .58   1 .23  0.08 0.10 0.04 0.34 smooth,   few  nodules ,   welds  

1 l A  75 beginning   23 .70   1 .72   0 .07   0 .09   0 .02  0.18 smooth ,   few  nodules ,  v f e w   w e l d s ,   f e w   s p a l l s  
end   22 .79   1 .07   0 .05  0.10 0.02  0 .23  smooth,   few  nodules ,  v f e w   w e l d s ,   f e w   s p a l l s  

11B 60 beginning  23.96  2 .59 0.11 0.10 0.02  0 .21  smooth,   few  nodules ,  v few  welds  
end  23.09  2 .29  0 .10  0 .09  0 .02  0 .21  smooth,   few  nodules ,  v f ew  we lds  

11c 75  beginning   25 .14   1 .66   0 .07   0 .09   0 .02   0 .22   smooth ,   few  nodules ,  v f e w   w e l d s ,   f e w   s p a l l s  
end  23.95  2.37 0.10 0.09  0 .02  0 .23  smooth,  few n o d u l e s ,  v f e w   w e l d s ,   f e w   s p a l l s  

11D 75 b e g i n n i n g   2 3 . 6 3   1 . 2 1   0 . 0 5  0.10 0.02  0 .19  smooth,   few  nodules ,  v few  welds  
end  24.93  1.22  0.05 0.10 0 . 0 2   0 . 2 3   s n o o t h ,   f e w   n o d u l e s ,  v f e w   w e l d s ,   f e w   s p a l l s  

C o n t r o l d  --- -" 22.38  2 .14 0.10 0 "- " " 

aCoat ing  Gas Flow Rates:   14L(STP)/min H , 12R(STP) /n in  He, 0.15b(STP)/min  TiC14 (Run No. lo), O.OSk(STP)/min  TiC14 (Run No. 
1 1 A  through  11E).  An add i t iona l   2k (STPf /min  He a t  t o p   ( f i b e r   e x i t )  gzs seal. 
D e p o s i t i o n   C o n d i t i o n s :   1 5   s e c o n d s  a t  1450 K ( y a r n   f e e d  rate = 1.0 m/sec) .  

bHeeasured  on  one  ply  of   two-ply  yarn.  

' C o e f f i c i e n t  of v a r i a t i o n   ( s t d .   d e v .  f mean). 

dUncoated,   as-received,   PVA-sized  Thornel   50.  



BEGINNING OF COATING RUN 

END OF COATING RUN 

Fig.  7 . SEN photomicrographs of samples  from  beginning  and  end of Tic coat ing  run No. 10.  Left: smooth 
Tic coa t ,   t yp ica l  of  most f ibers   in   run.   Middle:   nodules   and  occlusions  (not   typical) .   Right :  
cross sec t ions  showing  uniformity  of  coats. 



SFH examinat ion  of  the samples  from rm No. 11 showed t h e   c o a t s   t o   b e  smooth 
and  uniform  with few nodules .  There appea red   t o   be   ve ry  few w e l d s  between  f ibers ,  
b u t  a few s p a l l s  were o b s e r v e d   i n  several of  the  samples.  Photomicrographs 
showing  the  typical   smooth,   uniform  coat   seen on most   o f   these   f ibers ,  and an 
example   o f   the   in f requent ly   occur r ing   spa l l s  are shown i n  Fig. 8. The spalls 
seemed  not t o  a f f e c t   t h e   s t r e n g t h ,   w h i c h   a p p e a r e d   t o   b e   f a i r l y   c o n s t a n t   f o r   t h e  
fou r   s egmen t s ,   r ega rd le s s   o f  the presence  of s p a l l s .  

Compact i on  

Eleven  successful   compact ion runs were made t o   c o n s o l i d a t e   A l - i n f i l t r a t e d  
m o m e l  50 g r a p h i t e   f i b e r s   i n t o  small b a r s   f o r   f l e x u r e   - t e s t i n g .  Of t hese ,   e igh t  
were made w i t h   i n f i l t r a t e d   T i c - c o a t e d   f i b e r s   p r e p a r e d  a t  LASL, and th ree  were made 
from  commercial ly- inf i l t ra ted  Thornel   50  produced  by  Fiber   Mater ia ls ,   Inc.  (MI). 
The f i b e r s   i n   t h e   c o m m e r c i a l   p r o d u c t  were chemically treated by a p ropr i e t a ry  
FMI process   to   promote  wet t ing.   Whatever   the  chemical   t reatment   used,  i t  appa- 
r e n t l y   d i d   n o t   l e a v e  a permanent  coat on the   f i be r s ,   s ince   none   cou ld   be   de t ec t ed  
microscopica l ly .  The compacted  bars w e r e  t e s t ed   i n   fou r -po in t   l oad ing   and   t he i r  
f l e x u r e   p r o p e r t i e s  are l i s t e d   i n  Table 111. The t e s t i n g   a p p a r a t u s  and the  cal-  
c u l a t i o n  of t h e   p r o p e r t i e s  are d i s c u s s e d   i n  APPENDIX D. 

F o u r   d i f f e r e n t   l o t s   o f   T i c - c o a t e d   f i b e r s  were used  (Table  111)--two  which 
w e r e  p roduced   by   t he   ba t ch   coa t ing   p rocess   ( l o t s  2-21-75 and  3-17-75),  and two 
by   t he   con t inuous   coa t ing   p rocess   ( l o t s  4F  and 4H). In   t hese   fou r   l o t s   t he  Tic 
coa t   th icknesses   vary   f rom  0 .03   to   0 .32  pm, and t h e   f i b e r   s t r e n g t h s  from  about 
0.6 t o  2.1 GPa. 

To p r o d u c e   t h e   i n f i l t r a t e d   s t a r t i n g  material t o   b e  used i n   t h e  compaction 
runs,   48 two-ply s t rands  of   the  Tic-coated  Thornel   50,   containing  1440  f ibers  
p e r   s t r a n d ,  were p l a c e d   i n t o  a 6 . 3 5 - m d i a m   h o l e   i n  a g r a p h i t e   i n f i l t r a t i o n  
mold   and   pressure- inf i l t ra ted  a t  0.69 MPa wi th  a LASL-produced  “13 w t %  S i  a l l o y  
(Lot  XI-432).   The  chemical  analysis  of  this  al loy is as   fo l lows:   12 .7%  S i ,  
0.4%  Fe,  0.06% Cu, 0.04% Mg, 0.03% Mn, <0.01% Zn, remainder Al. The i n f i l t r a t i o n  
method  and  apparatus w e r e  d e s c r i b e d   p r e ~ i o u s l y . ~   I n   e a c h   i n f i l t r a t e d  sample 
t h e r e  were 69,120 f i b e r s ,   e a c h   w i t h  a nominal diameter of  6.5 pm. The r a t i o  of 
t h e   t o t a l   c r o s s - s e c t i o n a l   a r e a   o f   t h e s e   f i b e r s ,   t o   t h e   c r o s s - s e c t i o n a l   a r e a  of 
t h e   h o l e  which  contains  them i n   t h e   i n f i l t r a t i o n  mold, is approximately 0.007. 
T h e r e f o r e ,   i n   a n   i n f i l t r a t e d  sample t h e r e  is a la rge   excess   o f   mat r ix   a l loy .  
Wi th in   the   in f i l t ra ted   samples   the   f ibers   t ended   to   be   g rouped   in  a small region 
o f   t h e   t o t a l   c r o s s   s e c t i o n a l  area. I n   g e n e r a l ,  most  of th i s   excess  w a s  squeezed 
out   dur ing   the   compact ion   opera t ion .  The d e g r e e   o f   i n f i l t r a t i o n  of t h ree  of 
t h e s e   m a t e r i a l s  is shown in  the  photomicrographs  of   Fig.  9 ,  toge ther   wi th   the  
m i c r o s t r u c t u r e   o f   t h e   c o m m e r c i a l l y   i n f i l t r a t e d   m a t e r i a l .  Here i t  is seen   t ha t  
l o t  4F   f i be r s ,   wh ich   had   t he   t h i ckes t  Tic coa t  (0.32  pm), were t h e   b e s t   i n f i l -  
t r a t e d   o f   t h e  Tic coa ted  materials. Lot 3-17-75 was n e x t   b e s t ,   w h i l e   l o t  4H was 
t h e  least w e l l  i n f i l t r a t e d   o f   t h o s e  shown i n   t h e   f i g u r e .  The l o t  2-21-75 f i b e r s  
(not  shown)  had  the  thinnest  Tic coat   and  underwent   a lmost   no  inf i l t ra t ion.  Al- 
though  the  data  are few, i t  a p p e a r s   t h a t   t h e r e  is a trend  toward  greater  degree 
o f   i n f i l t r a t i o n   w i t h   g r e a t e r   c o a t   t h i c k n e s s .   T h i s  is to   be  expected,   because 
wi th   t he   depos i t i on  of g r e a t e r  amounts of Tic the   l ike l ihood  of   uncoated   f ibers  
w i th in   t he   ya rn   shou ld   be   r educed   s ign i f i can t ly .   The re fo re ,   yams   w i th   g rea t e r  
ave rage   f i be r   t h i cknesses   shou ld   be   capab le   o f  more thorough  wetting  and  under- 
go g r e a t e r   i n f i l t r a t i o n .  
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TABLE I11 

I 

FLEXURE PROPERTIES OF  COMPACTED THORNEL 50 YARN 
INFILTRATED WITH Al-13% S i  ALLOY 

Composite Fiber Yarn 
Sample 

c-3; 
c- 7a 
C- 8 
c-9 
c- 10 
c- 11 
c- 1 2  
C- 13 
C- 14 
c- 19 
c-22 

Lot 

"- 
"- 
"- 

3- 17- 75 
3-17-75 

4F 
4F 
4H 
4H 

2-21-75 
2-21-75 

T, !Jm 

"- 
"- 
"- 

0.09 
0.09 
0.32 
0.32 
0.18 
0.18 
0.03 
0.03 

O f ,  GPa 

2.172 
2.172 
2 .172  
3.867 
0.867 
0.556 
0.556 
2.093 
2.093 
1.431 
1.431 

V f ,  % 

64.3 
60.1 
60.5 
42.5 
42.8 
38.0 
35.7 
29.0 
33.8 
44.4 
45.1 

Composite Properties  Alloy 
w,  mm t ,  mm P, N 6 ,  mm 0 ,  GPa Oa, GPa 

6.375 
6.388 
6.370 
6.424 
6.477 
6.502 
6.477 
6.502 
6.477 
6.452 
6.452 

0.559 91.6 0.328 
0.597 83.3 0.302 
0.595 100.8 0.282 
0.838 62.6 0.099 
0.826 72.8 0.122 
0.927 75.0 0.338 
0.991 95.1 0.391 
1.219 98.2 0.259 
1.041 69.7 0.264 
0.800 61.3 0.467 
0.787 49.7 0.437 

0.878 
0.697 
0.854 
0.264 
0.314 
0.256 
0.285 
0.194 
0.188 
0.283 
0.237 

60.6 0.46 0.148 
51.1 0.45 0.147 
62.3 0.42 0.144 
61.4 0.21 0.106 
71.5 0.26 0.119 
79.7 0.79 0.178 
88.9 0.98 0.191 
26.5 0.79 0.178 
22.3 0.70 0.171 
38.2 0.95 0.189 
31.7 0.88 0.184 

T = Tic coat  thickness on ind iv idua l   f i be r s  

(5 = s t rength   o f   ind iv idua l   f ibers  

vf = volume pe rcen tage   f i be r s   i n  compacted  composite 

w = width  of  sample 

t = thickness  of  sample 

P = load a t  f r a c t u r e  

%lade from  samples i n f i l t r a t e d  by FMI 

f 

6 = def lec t ion  a t  f r a c t u r e  

0 = stress a t  f r a c t u r e  

%ROM = percentage  of  rule-of-mixtures 

s t r e n g t h  ( 0 / O  see APPENDIX D) 
C' 

E = s t r a i n  a t  f r a c t u r e  

0 = stress i n  "13% S i  a l l o y  a t  a 
s t r a i n  6 



Fig. 9 .  Aluminum-infil trated  Thornel 50 f ibers   used   in   compact ion   exper iments .  
(a) T i c - c o a t e d   f i b e r s ,   l o t  4F, compacted i n  samples C - 1 1  and 12 .  
(b )   T ic -coa ted   f i be r s ,   l o t  3-17-75, compacted i n  samples C-9 and 10. 
(c) T i c - c o a t e d   f i b e r s ,   l o t  4H, compacted i n  samples C - 1 3  and 14. 
(d)   Uncoated  (commercial ly   inf i l t ra ted)   f ibers ,   compacted  in   samples  
C-3, 7 and 8. 
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After i n f i l t r a t i o n  the resu l t ing   composi te   rods  w e r e  cleaned  by 
light s a n d i n g   o f   t h e i r   s u r f a c e s ,   p l a c e d   i n t o  a r e c t a n g u l a r   g r a p h i t e  com- 
p a c t i n g  mold (Fig.   10)  approximately  6.35 mm wide  and  38 mm long,  and 
vacuum hot-pressed a t  1.35 MPa and a m a x i m u m  temperature o f  930 K. The 
c o m m e r c i a l l y - i n f i l t r a t e d   s t a r t i n g  material w a s  o r i g i n a l l y   i n   t h e  form  of 
a composite wire con ta in ing   e igh t  two-ply s t rands  of   uncoated  Thornel  50 
i n  an Al-13% S i  matrix. S i x   l e n g t h s   o f   t h i s  wire, 38 mm long ,   a l so  con- 
t a in ing   69 ,120   f i be r s  , were s i m i l a r l y  vacuum hot-pressed. 

A schematic o f  the hot   pressing  assembly  and a t y p i c a l   h o t   p r e s s i n g  
cyc le  are shown i n  F i g s .  11 and  12 ,   respec t ive ly .  The g r a p h i t e  compac- 
t i n g  mold c o n t a i n i n g   t h e   i n f i l t r a t e d   f i b e r s  is p l a c e d   w i t h i n   t h e  vacuum 
vessel and evacuated   to  a p r e s s u r e  of about 0 .1  mPa  (-10'5 mm Hg) . No 
h e a t   o r   e x t e r n a l   l o a d  is app l i ed  a t  t h i s   p o i n t .  The f u r n a c e   f o r   h e a t i n g  
the   ho t   p ress ing   assembly  is loca ted   d i r ec t ly   be low  the   ves se l   on   t he  hy- 
d r a u l i c   l i f t .  The genera l   a r rangement   o f   th i s   sys tem is shown i n   F i g .  13. 
When the   furnace   t empera ture   reaches  1223 K the   furnace  is  r a i s e d   t o  a 
pos i t i on   su r round ing   t he  vacuum vesse l ,   and   t he   g raph i t e  mold con ta in ing  
t h e   i n f i l t r a t e d   f i b e r   s a m p l e s   t h e n   r a p i d l y   h e a t s  up (Fig.  1 2 ) .  A t  a sam- 
ple   t empera ture   o f   903  K ,  which is -50 K above   t he   a l loy   so l idus ,   t he  
furnace is lowered away from  the  vessel   and a dead-weight  load,  corres- 
ponding  to   1 .38 MPa, is appl ied  to   the  compact ing mold.  The sample con- 
t i n u e s   t o   h e a t  up t o   a b o u t  930 K before   cool ing   begins .  When it  f i n a l l y  
cools   to   about  770 K t he   l oad  is removed. Typical ly ,   the   sample  remains 
a t  t empera tu res  above   the   so l idus   for   approximate ly   n ine   minutes .  Through- 
out   the   compact ion   exper iment ,   the  vacuum i n   t h e   v e s s e l  w i l l  vary  with 
temperature   (due  to   outgassing)  , as shown i n   F i g .  1 2 .  The f i n a l   s i z e   o f  
t h e   f l e x u r e   b a r s  w a s  approximately 38 mn long,  6.4 mm wide   and   var ied   in  
thickness  from  about 0 .6  mm t o  1 . 2  mm (Table 111). 

In  Table  I11 t h e   s t r e n g t h s  of the  compacted  composites are given 
bo th  as t h e  stress a t  f r a c t u r e ,  0, and as the   percentage  of t h e   r u l e -  
of   mix tures   s t rength ,  % ROM (= X 100). The rule-of-mixtures   s t rength 
is def ined as the  volume-fract ion  weighted  average  s t rength  given by 

0 = v 0   + v ( 5  c f f  a a '  

where vf  and  va are t h e  volume f r a c t i o n s   o f   t h e   f i b e r s   a n d   t h e  aluminum 
a l l o y   m a t r i x ,   r e s p e c t i v e l y ,   i n   t h e   c o m p o s i t e ,  (5f is t h e   s t r e n g t h   o f   t h e  
i n d i v i d u a l   f i b e r s ,   a n d  (5, is t h e  stress i n   t h e   a l l o y   c o r r e s p o n d i n g   t o  
t h e   s t r a i n  (E) a t  which   f rac ture   occur red   in   the   composi te .   Nei ther  (5 

o r  % ROM are comple t e ly   su i t ab le   pa rame te r s   fo r   compar ing   t he   s t r eng ths .  
To  compare t h e  (5 v a l u e s   d i r e c t l y  makes the   compos i t e s   w i th   t he   coa ted  
f ibers   look   poor ,   re la t ive   to   the   compacted   commerc ia l  material (C-3, 
7 and 8) .  For  the  commercial  material the  average (5 is about 0.8 GPa,  
whereas   for   the   composi tes   conta in ing   the   coa ted   f ibers   the  5 va lues  
are less t h a n   h a l f  as g r e a t  , vary ing  from  about 0.19 t o   0 . 3 1  GPa. The 
di f fe rences   be tween  the  (5 va lues   o f   t he   commerc ia l   and   t he   coa ted   f i be r  
composite materials is p r i m a r i l y   d u e   t o  two fac tors :   the   T ic-coa ted  
f i b e r s  (1) have   lower   s t rengths   (Of)   than   does   the   uncoated   f iber   and  
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Fig.  10.   Graphite  compacting 
mold. 

VESSEL OUT 
VESSEL INTO OF FURNACE 

FURYACE APPLY LOeD (1.38hlpa) I 

TIME (min) 

Fig.  12.   Typical  hot-pressing 
cycle .  

c c o n n e c l l o n  

Fig. 11. Schematic of vacuum hot-  
press ing   sys tem.  

Fig.  13. Vacuum ho t -p res s ing  
appa ra tus .  
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(2) have much lmer concent ra t ions   (vf )   in   the   composi te .   Both   o f   these   fac-  
t o r s   con t r ibu te   t oward   t he   l ower   s t r eng th  ((5) of   the   coa ted- f iber   composi tes ,  
compared with  the  commercial .  However, by   .normal iz ing   the   composi te   s t rengths  
by  use  of  above  formula  for (sc, and  computing  the % ROM, some of   the   coa ted  
f ibe r   compos i t e s   appea r   s ign i f i can t ly   be t t e r   t han   t he   commerc ia l  material. 
The percentage RCM ranged  from 22% t o   n e a r l y   9 0 %   f o r   t h e   c o a t e d   f i b e r  com- 
p o s i t e s ,  while f o r  the commercial material i t  ranged  from 51% t o  62%. Al- 
though  the % ROM may b e  a measure  of   the   effect iveness   of   composi te  manufac- 
t u r e ,   t h e   a c t u a l   s t r e n g t h  ((5) is the   impor tan t   va lue   f rom  the   p rac t ica l ,  de- 
s ign  s tandpoint .   Therefore ,   the   coated-f iber   composi te  materials i n  Table I11 
would not   be   cons idered  as ser ious  compet i t ion  to   the  commercial  material f o r  
s t r e n g t h   a p p l i c a t i o n s .  

* 

The low s t r e n g t h s  ((5) of   the  composi tes  made w i t h   c o a t e d   f i b e r s ,  com- 
pared   wi th   those  made with  the  commercial  material, are due   no t   on ly   to   the  
lower   s t rengths   and  volume f r a c t i o n s   o f   t h e   c o a t e d   f i b e r s ,   b u t   a l s o   t o   t h e i r  
a b i l i t y   t o   b e   w e t t e d   b y   t h e  aluminum a l l o y .  The w e t t a b i l i t y   t e n d s   t o   i n c r e a s e  
wi th   coa t   t h i ckness   and ,   o f   cou r se ,   t he   be t t e r   t he   we t t ing   t he   g rea t e r   t he  
s t rength   o f   the   composi te .  The w e t t a b i l i t y  a n d   t h e   s t r e n g t h   o f   t h e   f i b e r s  
seem t o  be   compet ing   fac tors   in   the   s t rength   o f   these   composi tes .   That  is ,  
as coa t   th ickness   increases ,   the   s t rength   o f   the   composi te  w i l l  decrease  due 
t o   t h e   d e c r e a s e   i n   s t r e n g t h   o f   t h e   c o a t e d   f i b e r s   ( F i g s .  5 and 6) , b u t  w i l l  
i n c r e a s e  due t o   t h e i r   b e t t e r   w e t t a b i l i t y .   F o r   s u c h  a composite  system  there 
undoubtedly i s  an optimum Tic coat   thickness   which  should  balance  these two 
f a c t o r s   t o   g i v e   t h e  maximum s t r e n g t h .   U n f o r t u n a t e l y ,  t i m e  d id   no t   permi t   the  
des i r ed   fo l low-up   i n   t h i s  area. 

A comparison  of  the % ROM data   of   Table  I with  the  photomicrographs  of  
Fig.  9 i l l u s t r a t - c s   t he   r e l a t ionsh ip   be tween   t he   s t r eng th   o f   t he   compos i t e s  
and   the   degree   o f   in f i l t ra t ion   o f   the   f ibers .   Note ,   for   example ,   tha t   the  
b e s t   i n f i l t r a t e d   o f   t h e   T i c - c o a t e d   f i b e r s   ( l o t   4 F ,   F i g .   9 a )   y i e l d e d   t h e   h i g h e s t  
RO?I s t r e n g t h  (C-11 and 1 2 ,  Table 111), and t h e  most p o o r l y   i n f i l t r a t e d   f i b e r s  
( l o t  4H, F ig .   9c)   y ie lded   the   lowes t   s t rength  (C-13 and  14).  Compaction  of 
t h e s e   i n f i l t r a t e d   f i b e r s   d i d  l i t t l e  t o  i m p r o v e   t h e   d i s t r i b u t i o n   o f   f i b e r s   i n  
t h e   a l l o y   m a t r i x   o r   t h e   a p p a r e n t   i n f i l t r a t i o n   o f   t h e   f i b e r s .   C r o s s - s e c t i o n s  
of t h e  compacted samples  were examined  microscopically  and showed l i t t l e ,  i f  
any,  change i n   t h e   d e g r e e   o f   i n f i l t r a t i o n   o f   t h e s e  materials when compared 
with  Fig.  9 .  This   observa t ion   conf i rms   the   g rea t   impor tance   o f   s ta r t ing   wi th  
w e l l - i n f i l t r a t e d  material in  the  manufacture  of  graphite-aluminum  composites.  

It is n o t   n e c e s s a r i l y   t r u e   t h a t   o n l y   f i b e r s   w i t h   t h i c k  Tic coa t s  w e t  
w e l l  w i th  aluminum a l l o y s .  As w a s  po in ted   ou t   above ,   the   t rend   of   increas ing  
w e t t a b i l i t y   w i t h   i n c r e a s i n g   c o a t   t h i c k n e s s  w a s  p robab ly   due   t o   t he   g rea t e r  
amounts of   depos i ted  Tic reducing   the   l ike l ihood  of   uncoated   reg ions   on   the  
f i b e r   s u r f a c e s .   T h e r e f o r e ,   w e t t a b i l i t y  i s  a c t u a l l y   r e l a t e d   n o t   t o   c o a t  

* 
Another  source of u n c e r t a i n t y  is i n   t h e   s t r e n g t h   o f   t h e   f i b e r s   u s e d   i n   t h e  
commercial material. The same va lue   fo r   t he   manufac tu re r s   s t r eng th ,  Go 

(APPENDIX D ) ,  w a s  u sed   t h roughou t   t he   ca l cu la t ions .   In   f ac t ,  i t  has   been 
t h e   e x p e r i e n c e   h e r e   t h a t   f i b e r   s t r e n g t h  may va ry   s ign i f i can t ly   f rom  po in t  
t o   p o i n t   i n  a s p o o l   o f   y a m  as w e l l  as f rom  spool   to   spool .  
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t h i ckness   bu t   t o   t he   e f f i c i ency   o f   coa t ing - - i . e . ,   f i be r   cove rage .   Yarns   w i th  
th in ,   un i fo rm  coa t s  on t h e   i n d i v i d u a l   f i b e r s ,   t h e n ,   s h o u l d   b e   j u s t  as e a s i l y  
w e t t e d  and i n f i l t r a t e d  as are t h o s e   w i t h   t h i c k   c o a t s  , prov ided   t he   f i be r s   have  
a thorough  coverage.  Again,  because of time l i m i t a t i o n s ,  some 6f t h e  more 
promis ing   coa ted   f ibers   p roduced   in  the la t te r  s t a g e s   o f   t h i s   s t u d y ,   p a r t i c u -  
l a r l y  i n  S e r i e s  No. 9 ,  were n o t   e v a l u a t e d   f o r   t h e i r   u s e f u l n e s s   i n   g r a p h i t e -  
aluminum composi tes .   These  f ibers ,   typical ly ,   had  smooth,   th in   coats   and were 
o f   pa r t i cu la r ly   h igh   s t r eng th   (Tab le  I). 

Dur ing   t he   f l exure  tests, the   s amples   t yp ica l ly   gave   sha rp   b reaks   i n  
t h e   s t r e s s - s t r a i n   c u r v e  a t  t h e   p o i n t   o f   f a i l u r e .  However,  none o f   t h e  samples  
broke  completely  into two p i e c e s .  ( A  t y p i c a l   s t r e s s - s t r a i n   c u r v e   a n d  a f a i l e d  
sample are shown i n  APPENDIX D . )  To e v a l u a t e   f r a c t u r e   c h a r a c t e r ,   f o u r   o f   t h e  
fa i led   spec imens  were completely  broken  by  hand  into  two pieces. The f r a c t u r e  
s u r f a c e s   o f   t h e s e  are shown i n   t h e  SEM photomicrographs  of  Fig. 14 .  It is 
clear t h a t   t h e r e  is a s i g n i f i c a n t   d i f f e r e n c e   b e t w e e n   t h e   f r a c t u r e   c h a r a c t e r   o f  
sample C-8 which w a s  made f rom  commerc ia l ly   in f i l t ra ted ,   uncoated   Thorne l  50 
f i b e r s ,  and   t he   o the r   t h ree  (C-9, C-12 and C-14),  whose f ibers   had   been   coa ted  
w i t h  Tic. Although i t  w a s  a t  least as w e l l  i n f i l t r a t e d  as any o f   t h e   o t h e r s ,  
C-8 had a more f ib rous   appea r ing   f r ac tu re ;   bund les   o f  many fI l ;crs ,  as w e l l  
as ind iv idua l   f ibers ,   pu l led   ou t   o f   the   sample .   In   sample  C-12, however,  frac- 
t u r e  was uniform  over   large areas, wi th  much less pul.lout.  Sample C-9 was 
similar t o  C-12, e x c e p t   t h a t   t h e r e  were some areas t h a t   ere n e a r l y  a l l  ma t r ix  
material, conta in ing   very  few f i b e r s .   T h i s  is s e e n   i n   F i g .   1 4  as s t r i n g e r s   o f  
a l i g h t   p h a s e  material. C - 1 4 ,  on the  other  hand,  had  very  large  areas--some 
cove r ing   t he   en t i r e   t h i ckness   o f   t he   s ample - - tha t  were e s s e n t i a l l y  a l l  m a t r i x  
material (Fig.   14) .  Its f r a c t u r e   i n   t h e   c o m p o s i t e  areas w a s  similar t o   t h a t  
of  C-9 and C-12. 

Pu l lou t  w a s  observed i n  a l l  of   the  s a m p l e s ,  b u t   t o  a much g r e a t e r  ex- 
t e n t   i n   t h e   c o m m e r c i a l l y - i n f i l t r a t e d  material (C-8). A typical  example  of 
p u l l o u t  is shown in   F ig .   15 .  The smaller amount o f   pu l lou t   obse rved   fo r   t he  
T i c - c o a t e d   f i b e r s ,   r e l a t i v e   t o   t h a t   f o r   t h e   u n c o a t e d   f i b e r s ,   i n d i c a t e s   t h a t  
be t t e r   bond ing   w i th   t he  matrix a l l o y  is  achieved   wi th   the   T ic-coa ted   f ibers .  

I n  a l l  of   the  samples   there  w a s  some fragmentat ion  of   both  f ibers   and 
m a t r i x  material a t  t h e   f r a c t u r e   s u r f a c e .   T h i s  w a s  most pronounced i n   t h e  
commerc ia l ly - in f i l t r a t ed  material ( C - 8 ) .  An example  of  fragmentation is shown 
in   F ig .   16 .  

D i f fus ion  Barrier Experiments 

To e v a l u a t e   t h e   e f f e c t i v e n e s s   o f   t h i n  Tic coa t s  as d i f f u s i o n   b a r r i e r s  
t o   i nh ib i t   r eac t ion   be tween   ca rbon   and  aluminum,  samples o f  Tic-coated, Al -  
i n f i l t r a t e d   T h o r n e l  50 f i b e r s  were hea ted   for   p ro longed   per iods  a t  e l eva ted  
temperatures .   In   previous  experiments ,   heat- t reatment   temperatures   both 
above  and  below  the aluminum a l l o y   s o l i d u s  were used. A t  temperatures up t o  
w i t h i n  50 K o f   t h e   a l l o y   s o l i d u s  no reac t ion ,   occur red   in   samples   conta in ing  
e i the r   coa ted   o r   uncoa ted   f i be r s .  Above t h e   s o l i d u s ,   r e a c t i o n   o c c u r r e d   f o r  
both materials, b u t  less e x t e n s i v e l y   f o r   t h e   c o a t e d   f i b e r s .  
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C-8 c-12 

Fig.  14. 

c- 9 C- 

SEM photomicrographs  of  fracture  surfaces  of  compacted aluminum- 
g raph i t e   f i be r   compos i t e s   a f t e r   f l exu re   t e s t ing .   Fo r   s ample  C-14 
two areas are shown i l l u s t r a t i n g  extreme inhomogeneity:   typical 
compos i t e   ( l e f t )  and  aluminum-rich area ( r i g h t ) .  
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Fig.  15. SJN phofGmTcrog2aph ?nus- 
t r a t i n g   p u l l o u t   o f   i n d i v i d u a l  
f i b e r s  and  bundles   of   f ibers  
dur ing   f lexure   t es t ing   (Sample  
c-9) - 

K g .  16.  SEM pho€omicrograph  Hlus- 
t r a t ing   f r agmen ta t ion   du r ing  
f l e x u r e   t e s t i n g  (Sample C-8) . 

In   the   p resent   exper iment ,   hea t - t rea tment   t empera tures  up t o   w i t h i n  a few 
degrees   o f   the   so l idus  were used.  Three  samples  of  Tic-coated  Thornel 50 ya rn ,  
i n f i l t r a t e d   w i t h   t h e  A1-13% S i  a l l oy ,   and   t h ree   o f   t he   commerc ia l ly - in f i l t r a t ed ,  
uncoated  Thornel 50 were hea ted   fo r   100  h in   f l owing ,   pu r i f i ed   a rgon .  The ex- 
t e n t   o f   r e a c t i o n  w a s  judged by the  formation  of  a dark  needle-like  phase  which 
w a s  b e l i e v e d   t o   b e  AlqC3. Temperatures  and  microscopic  appearances  of  the  heat- 
t r e a t e d  samples are g iven   in   Table  I V .  A s  s een ,  up t o   w i t h i n  15-20 K o f   t h e  
so l idus   on ly  a trace of r e a c t i o n ,  a t  most, was obse rved   fo r   e i t he r   coa ted   o r  un- 
coa ted   f i be r s .  To w i t h i n  3-8 K o f   t he   so l idus   t empera tu re ,   however ,   de f in i t e  
r eac t ion   occu r red   i n   bo th  materials, b u t  much less e x t e n s i v e l y   f o r   t h e  T i C -  
coa ted   f i be r s .  

CONCLUS IONS 

1. A continuous CVD c o a t e r  was constructed  and was u s e d   s u c c e s s f u l l y   t o  
produce  thin,   uniform,   adherent   coats   of  Tic  on t h e   i n d i v i d u a l   f i b e r s  o f  gra- 
p h i t e   y a r n s   i n   c o n t i n u o u s   l e n g t h s   o f  up t o  E O  metres. 

2. Vacuum hot-pressing w a s  used  to  produce  graphite-aluminum  composites 
f rom  Tic-coa ted   g raphi te   f ibers   in f i l t ra ted   wi th   an  aluminum a l l o y .  The 
s t rength   o f   these   composi tes  was less t h a n   h a l f   t h a t   o f  a c o n t r o l  material 
s imi la r ly   p roduced  from  commercially i n f i l t r a t e d   f i b e r s .   T h i s   d i s c r e p a n c y  w a s  
due  mainly t o  t h e  lower s t r e n g t h s   o f   t h e   c o a t e d   f i b e r s   a n d   t o   t h e i r   l o w e r  volume 
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TABLE I V  

DIFFUSION  BARRIER  EXPERIMENTS 

Alloy 
Diffusion Couple Solidus H T T ~  Microscopic 

Sample No. (Alloy/Subs t r a t e )  K - K Appearance 

AD-14A-1 Al-13% Si/TiC-coated  Thornel 50 855b  847 s l i g h t   r e a c t i o n  

AD- 14A- 2 A1-13% Si/Thornel 50  (FMI) 850' 847 reac t ion  d 

AD-14B-1 A1-13% Si/TiC-coated  Thornel 50 855 8  35 trace reac t ion  

AD-14B-2 A1-13% Si/Thornel 50 (FMI) 850 8 35 trace reac t ion  

AD-14C-1 "13% Si/TiC-coated  Thornel 50 855b  825 trace reac t ion  

AD-14C-2 Al-13% Si/Thornel 50 (FMI) 850'  8  25 trace reac t ion  

b 

d 

d 

%eat  treatment  temperature.  Held  for 100 h i n  flowing,  purified  argon. 

bDetermined  by  thermal a r r e s t ,  on hea t ing ,   du r ing   i n f i l t r a t ion .  

C AI-Si  e u t e c t i c  temp. (Metals Handbook, 8% e d i t i o n ,  Vol. 8, p.  263,  American Society 
for  Metals.  ) 

%ncoated  Thornel 50 f i b e r   y a r n s   i n f i l t r a t e d   w i t h  "13% S i  by Fiber  Materials, Inc.  
(FMI) - 



f r a c t i o n s   i n   t h e   c o m p o s j t e s .  However,  by normalizat ion  using  the  rule-of-  
mixtures ,   values  as high  as 90% of   the   ru le -of -mixtures   s t rength  were achieved 
for   composi tes  made wi th  the Tic-coa ted   f ibers .  

3. Thin  coats  of CVD-deposited T i c  on g r a p h i t e   f i b e r s   i n h i b i t   r e a c t i o n  
be tween  the   g raphi te   f ibers   and  aluminum at e l eva ted   t empera tu res .  
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APPENDIX A 

CONTINUOUS  COATING  SYSTEM AND PROCEDURES 

Coating  System 

Coat ing  operat ions are performed i n   a n   a s s e n b l y   b a s i c a l l y   c o n s i s t i n g   o f  a 
double-wal l ,   water-cooled,   s ta inless  s tee l  s h e l l   a n d   a n   i n d u c t i v e l y   h e a t e d   i n n e r  
graphi te   susceptor   through  which are p a s s e d   t h e   f i b e r s   t o   b e   c o a t e d .  A photo- 
graph  and  schematic of t he   sys t em are shown i n   F i g s .  A l  and A2, r e s p e c t i v e l y .  
The suscep to r  is 102 mm ou t s ide   d i ame te r ,  7 6  mm ins ide   d fameter   and  690 mm long.  
The coating  zone  occupies  approximately 250 nnn i n   t h e   c e n t e r  of t h e   s u s c e p t o r .  
Thermocouple wells are d r i l l e d   t o   v a r i o u s   d e p t h s   i n   t h e  w a l l  o f   t he   suscep to r ,  
and  temperature is measured  over i t s  length  with  Pt-Pt   10% Rh thermocouples  which 
are sh ie lded   i n   a lumina   t ubes .  

By pass ing  a thermocouple  probe  through  the  center  of  the  furnace,  tempera- 
t u r e  measurements were made along i ts  axis a t  t h r e e   d i f f e r e n t  power s e t t i n g s .  
The t e m p e r a t u r e   p r o f i l e s   w i t h i n  the furnace are shown i n   F i g .  A3. These  temper- 
a t u r e s  w e r e  co r re l a t ed   w i th   t hose   measu red   i n   t he   suscep to r  w a l l ,  and  the  values  
g i v e n   i n   t h i s   r e p o r t   ( T a b l e  I) were those   co r re spond ing   t o   t he   cen te r   o f   t he  
coat ing  zone.  

Each  end  of t h e   s u s c e p t o r  is f i t t e d   w i t h  a graphi te   en t rance   tube   which   in -  
c ludes  an  iner t   gas   connect ion  and a 3 mm ent rance   o r i f ice   th rough  which   the  
f i b e r  tow passes .  The coa t ing   gases   en t e r  a t  the   t op   o f   t he   fu rnace  and e x i t  a t  
the   bo t tom  in to   an   exhaus t   duc t .   The   f ibers  are fed   in to   the   bo t tom  and   pu l led  
th rough   t he   fu rnace   i n  a d i r ec t ion   coun te rcu r ren t   t o   t he  flaw of t h e   c o a t i n g  
gases .  A gas seal  is made a t  the  top  with  helium  and a t  the  bottom  with  argon. 
Careful   adjustment   of   the   gas   f lows a t  each sea l  and  of t h2   p re s su re  on t h e  ex- 
haust  is  necessary   to   exc lude  a i r  from  the  furnace.  The f i b e r s  are f e d   i n t o  
the  furnace  f rom a spool  of  commercial   graphite  yarn.  To remove any t w i s t  i n  
t he   ya rn ,   t he   spoo l  is mounted i n  a f i x t u r e ,  shown i n   F i g .  A4, such   tha t  i t  can 
be   ro t a t ed   abou t   an   ax i s   pe rpend icu la r   t o   t he   ax i s   o f   t he   spoo l .  This d e t w i s t e r  
is equipped  with a r eve r s ib l e ,   va r i ab le   speed   mo to r .  As i t  is pul led   f rom  the  
spool ;  the   yarn   passes   over  a g raph i t e   pu l l ey   (F ig .  A4) and i n t o   t h e   f u r n a c e .  
The coa ted   f i be r s  emerge  from the   top   o f   the   furnace ,   pass   over   another   g raphi te  
p u l l e y ,  and are wound on to  a take-up  spool,  which is mounted  on a s p o o l e r .  To 
d i s t r i b u t e   t h e   y a r n   u n i f o r m l y ,  a spoo l   t r ave r se   p l ays   t he   f i be r s   back   and   fo r th  
on t h e  take-up  spool. The spoo le r   and   t r ave r se  are shown i n  Fig.  A5. Both are 
equipped   wi th   revers ib le ,   var iab le   speed   motors .  

Tic14  coating  gas is fed   in to   the   furnace   f rom  an   evapora tor ,  shown i n   F i g .  
A6. The Tic14 is hea ted   t o   abou t  350 K w i t h  a s t anda rd   l abo ra to ry   hea t ing   t ape .  
Helium is bubbled  through  the  TiC14,  carrying i t  o u t  of the  evaporator ,   where 
i t  combines   wi th   the   o ther   cons t i tuents   o f   the   coa t ing   gas   (F ig .  A2). A l l  l i n e s  
ca r ry ing   t hese   gases  are hea ted   wi th   hea te r   t apes .   Coat ing   gas   f low rate is  
var ied   by   vary ing   the   t empera ture  of  T i C l  and the   f low rate o f   t he   he l ium car- 
rier gas. 4 
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Fig. A I .  Overall view of cont inuous  coat ing apparatus. 
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VARIABLE SPEED 
DETVJISTER 

Fig. A2. Schematic of sys tem  for   cont inuous   coa t ing  
of g r a p h i t e   f i b e r s   w i t h  Tic. 

Fig. A3.  Tempera ture   p rof i les  i n  
coazing  zone at t h r e e  
d i f f e r e n t  power s e t t i n g s .  

27 



Fig. A 4 .  Fiber feed system. 
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Fig. A6. TiCl Evaporator. 4 
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Operation 

Before  beginning each r u n ,   t h e   y a r n   t o   b e   c o a t e d  is passed  through  the bot- 
tom pul ley ,   th readed   th rough  the   bo t tom  en t rance   o r i f ice ,   a t tached   to  a heavy 
graphi te   yarn  (which w a s  dropped  through  the  furnace  f rom  the  top)   and  pul led 
through  the  furnace.  It is then   passed   over   the   top   pu l ley  and a t t a c h e d   t o   t h e  
take-up  spool on the   spoo le r .  The t o p   o r i f i c e ,   w h i c h   c o n s i s t s   o f   s p l i t   h a l v e s ,  
is p l a c e d   i n   p o s i t i o n   w h e r e   t h e   f i b e r   e x i t s   f r o m   t h e   f u r n a c e .   S t a r t  up of   the  
coa t ing   sys t em  cons i s t s   o f  the fo l lowing   s teps :  

1. 

2. 

3 .  

4 .  

5. 

6. 

Spooler ,   spool   t raverse   and   de twis te r  are s t a r t e d   a n d  ad- 
j u s t e d   t o   t h e   d e s i r e d   s p e e d s .  

Sea l   gases  are in t roduced   and   ad jus ted .  

Exhaust   pressure is a d j u s t e d   t o   s l i g h t l y   b e l m   a t m o s p h e r i c  
(AP = -30 t o  -50 Pa). 

Manifold  helium  and  hydrogen are introduced  and  adjusted.  

Power is tu rned   on   t o   i nduc t ion   co i l .  

A t  the   desired  temperature ,   hel ium is in t roduced   t o   t he   p re -  
hea ted   evapora to r  and coa t ing   begins .  

Usually,  i t  is n e c e s s a r y   t o   r e a d j u s t   t h e  seal gas   f l ows   un t i l   t he   emerg ing   f i be r s  
h a v e   t h e   c h a r a c t e r i s t i c   m e t a l l i c   g r a y   c o l o r  of Tic. Without   th i s   ad jus tment ,  a i r  
is admi t ted   to   the   furnace   and   f ibers  are o x i d i z e d   t o  a b l u e   o r   g r e e n   c o l o r .  
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APPENDIX B 

TESTING FIBER STRENGTH 

Samples of two-ply y a r n  are c u t   t o   a b o u t  140 mm lengths   and  the  plys   sepa-  
r a t ed .  The ends of t h e   s i n g l e - p l y   l e n g t h s  are then  sandwiched  between  the ad- 
h e s i v e   s i d e s  of two p ieces  of masking  tape,   approximately 50 rn by 50 mm i n  area. 
These  masking  tape  tabs are s e p a r a t e d   i n   t h e   c e n t r a l   l e n g t h  of the  sample  by ap- 
proximately 23 mm. A sample is t e s t ed   by   c l amping   t he  tabs b e t w e e n   p a r a l l e l   f l a t  
g r ip s ,   s epa ra t ed  by 25.4 mm, i n  a t e n s i l e  tester a n d   p u l l i n g   t o   f a i l u r e .  The ten- 
s i l e  b reak ing   l oad   va lues  are r e p o r t e d   i n  newtons ( N ) .  

.._. 
Los  Alamos  Scientific  Laboratory 

. CM. OF THE  UNIVERSITY .OF C A L I F O R N I A  
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Fig.  B1.  S ingle-p ly   f iber   yarn   wi th   masking  
tape   t abs  , ready f o r  t e n s i l e   t e s t i n g .  
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APPENDIX C 

SURFACE MORPHOLOGIES OF T i c - C O A T E D  

THORNEL 50 FIBERS 
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Fig. C1. Typical  example o f  smooth,  uniform,  adherent Tic coa t   on   g raph i t e   f i be r s .  
( a )   Su r face .   (b )   Po l i shed   c ros s   s ec t ion  (Run 4E). 

Fig.  C2. Example of  rough Tic coa t   showing  typ ica l   (a )   spa11   on   f iber   sur face  
and (b) weld ing   be tween  f ibers  (Run 1B). 
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Fig. C3. Typical  example  of  nodules on an  otherwise  uniformly  Tic-coated  f iber 
su r face .  (a) Specimen  image. (b) T i  x-ray  image (Run 413). 

. 

Fig. C4. Example of (a )  severe c r a c k i n g   i n  Tic coa t  on g r a p h i t e   f i b e r s   a n d  
(b) s e p a r a t i o n  of coa t  from s u r f a c e   o f   f i b e r s  (Run 5 A ) .  
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Fig.  C5. Pol i shed   c ros s   s ec t ions   o f   F ig .  C6. Pol i shed   c ross   sec t ions   o f  
T ic -coa ted   g raph i t e   f i be r s ,  T ic -coa ted   g raph i t e   f i be r s  , 
showing  typical   welding  to-  shciwing nonuni form  d is   t r ibu-  
g e t h e r   o f   f i b e r s  (Run 4 A ) .  t i o n  of Tic from  one f i b e r   t o  

another   and  on  individual  
f i b e r s  (Run 8FF) . 



APPENDIX D 

FLMURE TESTING 

Aluminum-graphite  composite  flexure  bars were t e s t e d   i n  a four-point   loading 
f i x t u r e  , w i t h  1.59-mm-diam suppor t   and   load   p ins   loca ted  a t  major  and  minor  spans 
of  25.4 mm (L) and 12.5 mm (E) , r e spec t ive ly .  The f i x t u r e ,   s h m n   s c h e m a t i c a l l y  
i n  Fig.  D l ,  w a s  equipped  with a d i r e c t   c u r r e n t   d i f f e r e n t i a l   t r a n s d u c e r  which w a s  ' 

used t o  measure   the   def lec t ion   of   the   sample   dur ing   tes t ing .   Def lec t ion  w a s  mea- 
sured   re la t ive   to   the   minor   span   on   the   f lexure   spec imen.  The load w a s  appl ied  
wi th  a t e n s i l e   t e s t i n g  machine a t  a cross-head  speed  of  1.27 mm/min. Stresses (a) 
and s t r a i n s  (E) were ca lcu la ted   f rom  the   fo l lowing   s tandard  beam equat ions :  

where P = appl ied   load ,  w = specimen  width, t = specimen  thickness,  6 = deflec- 
t i o n ,  L = major   span   of   the   f ix ture   and  R = minor  span. The rule-of-mixtures 
(RCM) s t r e n g t h  (0 ) w a s  c a l c u l a t e d  from t h e   e x p r e s s i o n  

C 

o = v o   + v o  c f f  a a  

where v and va are t h e  volume f r ac t ions   o f   t he   f i be r s   and   a l loy   ma t r ix ,   r e spec -  
t i ve lyYf in   t he   compos i t e ,Of  is t h e   s t r e n g t h   o f   t h e   i n d i v i d u a l   f i b e r s ,  and Oa i s  
t h e  stress i n   t h e  aluminum a l l o y   c o r r e s p o n d i n g   t o   t h e   s t r a i n  a t  which  f racture  
occurred   in   the   composi te .  The volume f r a c t i o n   o f   f i b e r s   ( v f )   i n   t h e   c o m p o s i t e  
was computed wi th   t he   a s sumpt ion   t ha t   t he   i nd iv idua l   f i be r s  were round i n   c r o s s  
s e c t i o n   w i t h  a uniform diameter of  6.5 ~ m . ~  The i n d i v i d u a l   f i b e r   s t r e n g t l m  were 
computed  from the   expres s ion  

sf 
Y 

where (So = 2.172 GPa (315 
Thornel-50  fibers,  and Sf 
of   T ic-coa ted   f iber   yarns  

6 x 10 p s i )  , t h e   m a n u f a c t u r e r ' s   s t r e n g t h   f o r   i n d i v i d u a l  
and So = t ens i le   b reaking   loads   for   s ing le-p ly '   samples  
and  Thornel   50,   respect ively.  Oa was taken  from  the 

f l exure   s t r e s s - s t r a in   cu rve  shown i n  Fig. D2, which was determined  from tests on 
a s -cas t   ba r s  of "13% S i   m a t r i x   a l l o y .  The va lues   g iven   in   F ig .  D2 were com- 
puted  using  the  above  s tandard beam equations,  which  assume e las t ic  behavior .  
Therefore,   values  beyond  the e las t ic  l i m i t  do n o t   n e c e s s a r i l y   r e p r e s e n t   t h e  ac- 
t u a l   s t r e s s - s t r a i n   b e h a v i o r  of t h i s  material. Hmever ,   t he   va lues   g iven   i n   t he  
f igure  should  be  adequate   for   the  comparison  and  computat ion  of   composi te  ROM 
s t rengths   g iven   here .  

An example  of a typ ica l   load-def lec t ion   curve   o f   an   a luminuwgraphi te  com- 
p o s i t e   f l e x u r e   b a r  is shown i n   F i g .  D3, and   the  sample  a s  i t  appea red   a f t e r  
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Fig. D l .  Schematic  of flex- 
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Fig. D2. Flexure   s t r e s s - s t r a in   cu rve  
f o r   a s - c a s t   b a r s  of Al-13 
wt% S i  matrix a l l o y .  
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t e s t i n g   i n   F i g .  D 4 .  The dark   ink  marks  on the   sample ,   in   the   top   v iew,   ind i -  
cate the   pos i t i on   o f   t he   l oad   p ins  on the  compression  face  of   the sample.  The 
f a i l u r e   r e g i o n  is c l e a r l y  shown i n   t h e   e d g e  view  (bottom)  between  the  pins  near 
the   l e f t -hand  mark. The maximum s t r e n g t h  shown  on the   load-def lec t ion   curve  
(Fig. D3) apparent ly   cor responds   to   the   po in t  a t  w h i c h   t h e   f i b e r s   i n   t h e  com- 
p o s i t e   b e g i n   t o   b r e a k .  The cor responding   s t ra in ,   however ,  is much less than 
t h a t   n e c e s s a r y   t o   i n i t i a t e   f r a c t u r e   i n   t h e   d u c t i l e  aluminum matrix.   This is  
shown by t h e   f a c t   t h a t   t h e   s a m p l e   d i d   n o t   s e p a r a t e   i n t o  two p ieces   du r ing  tes- 
t i n g .  
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